Objective: In a large population-based cohort in Denmark to examine if maternal use of antibiotics during pregnancy, as a marker of infection, increases the risk of febrile seizures in childhood in a large population-based cohort in Denmark.
Introduction
Febrile seizures are the most common seizure disorder in children, affecting 2-5% of all children between 3 months and 5 years of age with a third having more than one episode. [1, 2] Children with febrile seizures may be at an increased risk of developing epilepsy. A population-based cohort found that less than 7 percent of children with febrile seizures went on to develop epilepsy by the age of 25; the risk was significantly higher for persons with a family history of epilepsy, cerebral palsy, or low Apgar score shortly after birth. [3] Genes and environmental factors operating in early life seem to play a causal role; more proximal causes of febrile seizures remain largely unknown. [4] Growing evidence suggests fetal exposures during gestation may contribute to neurological and mental disorders that manifest later in life [5] and several maternal infections during pregnancy have been associated with an increased risk of cerebral palsy [6] , epilepsy [7] , autism [8] , mental retardation [9, 10] and schizophrenia [11] in the offspring. One possible mechanism is molecular mimicry, in which transplacentally-acquired antibodies to infectious agents with common epitopes of the developing nervous system may cross the fetus blood-nervous system barriers to cause neuropsychiatric disorders later in life. [12] Other mechanisms are possible but it remains unknown whether prenatal infections increase the susceptibility to seizures following exposure to fever.
We took interest in urinary tract infections because they are a common bacterial infection in pregnancy [13, 14] and have been associated with epilepsy in the offspring. [7] Symptomatic urinary tract infections are divided into lower tract (acute cystitis) and upper tract (acute pyelonephritis) infections. [15] In Denmark the medications used to treat uncomplicated acute cystitis are almost exclusively pivmecillinam, sulfamethizole, and nitrofurantoin; [16] these antibiotics are normally not used for other indications during pregnancy [17] .
Prescription data, as a marker of infection, provides the ability to study non-hospitalized infections diagnosed by primary care doctors outside of hospitals or in outpatient clinical settings which may otherwise be excluded from hospital based studies. Our study examines the association between exposure to antibiotics during prenatal life and the risk of febrile seizures in a large population-based cohort study.
Methods

Ethics Statement
According to Danish laws, register-based studies do not need to obtain consent from individuals when personal identifiers have been encrypted and stored by a trusted third part (Statistic Denmark). The study was approved by the Danish Data Protection Agency (J.nr. 2009-41-3255).
Study Population
Denmark has one of the world's most comprehensive registration systems with extensive data on health and social conditions. [18] Residents in Denmark are assigned a unique personal identification number that enables linkage of individual information among all national registries. For our study, all live-born singletons born in Denmark between January 1, 1996 and September 25, 2004 and who were alive on the 90 th day of life and did not emigrate from Denmark were identified from the Danish National Birth Registry (N = 551,518). Of these, we identified 172,879 children born to women who took at least one type of antibiotic during pregnancy (exposed). The 378,639 children of women who did not take any antibiotics during pregnancy were considered unexposed (Table 1) .
Prescribed Antibiotics
Information on maternal use of antibiotics was obtained from the National Register of Medicinal Product Statistics, which contains individual-level information on all redeemed prescriptions in Denmark since 1994 except on drugs sold without a prescription or drugs for inpatient use only. Drugs are coded according to the WHO Anatomical Therapeutic Chemical (ATC) classification system. ATC codes and date of sale for each prescription are stored in the database when redeemed. The ATC system categorizes medicinal substances at five different levels according to the organ or system on which they act and their chemical, pharmacological and therapeutic properties. Antibiotics for the study were defined with ATC codes 'J01' (any systemic antibacterial), 'J01C' (beta-lactam antibacterials, penicillins), 'J01E' (sulfonamides and trimethoprim), 'J01F' (macrolides, lincosamides and streptogramins), 'J01X' (other antibacterials), 'J01CE02' (phenoxymethylpenicillin (penicillin V)), 'J01FA01' (erythromycin), 'J01CA08' (pivmecillinam), 'J01EB02' (sulfamethizole), and 'J01XE01' (nitrofurantoin). Mothers were classified as being exposed during pregnancy if they had redeemed a prescription for an aforementioned medication with the date of sale between the start of pregnancy and the date of birth of the child. Mothers were classified as being unexposed to antibiotics during pregnancy if they did not have a redeemed prescription for any systemic antibiotic (ATC: J01) between the start of pregnancy and the date of birth of the child. The initiation of pregnancy (first day in the last menstrual period) was calculated by subtracting gestational age in days from the day of birth.
Febrile Seizures
We obtained information on first event of febrile seizures from the Danish National Hospital Register, [19] which contains information on discharge diagnoses for all patients from Danish hospitals and outpatient clinics. Diagnostic information is based on the Danish version of the International Classification of Diseases, 10 th Revision (ICD-10) from 1994 onward and reported to the register after each hospital visit. [20] Cohort members were identified as having febrile seizures if they were between the ages of 3 months and 5 years and if they had been hospitalized or had been in outpatient care because of a primary, secondary or underlying diagnosis of febrile seizures (ICD-10 code R56.0) and no previous history of epilepsy (ICD-10:G40-G41), intracerebral infection (ICD-10: G00-G09), or cerebral palsy (ICD-10: G80-G83). Time of onset of febrile seizures was defined as the first day of contact with the hospital when patients were hospitalized or in outpatient care with the first discharge diagnosis of febrile seizures. All treatments in Danish hospitals are free of charge for residents.
Potential Confounders, Intermediate Factors, and Covariates
Information on maternal age, gestational age at birth, parity, Apgar score at 5 minutes, sex, smoking status during pregnancy, method of delivery, and birth year was obtained from the Danish Medical Birth Registry. [21] Information on gestational age at birth is usually estimated from ultrasound measures during early pregnancy but in the few cases where ultrasound measures were not taken, the last menstrual date was used in the time period of this study.
Information on parental income was obtained from the Fertility Database which contains annually collected education, employment, and family/housing information for people of fertile age in Denmark. [22] Parental income was defined as the combined income of the mother and father during the child's birth year. If information on income for both parents was missing, data from the previous calendar year were used if available.
Information on congenital malformations was obtained from the Danish National Hospital Register (ICD-10: Q00-Q79). ICD-10 codes for ''other congenital malformations'' and ''chromosomal abnormalities, not elsewhere classified'' (Q80-Q99) were not included in our definition of congenital malformation.
Statistical Analysis
We modeled the risk of febrile seizures in the children over time in ten different maternal antibiotic exposure groups. All children were followed from the 90 th day of life until the first diagnosis of febrile seizures, death, until they reached 5 years of age, or December 31, 2007, whichever occurred first. Hazard ratios and 95% confidence intervals (CI) were estimated by Cox proportional hazard regression models with person-years as the time-to event variable. Causal diagrams [23] (directed acyclic graphs) provide a method for evaluation of confounders and mediators and were used to guide the selection of potential confounders to be controlled for in our final models. All hazard ratios were adjusted for maternal age, parental income, smoking status during pregnancy, and birth year. The model was also run with the additional adjustment for the maternal conditions of chorioamnionitis (ICD-10: O41.1), gestational diabetes mellitus (ICD-10: O24.4 and O24.9), and any other prescribed maternal medication besides antibiotics during pregnancy (ATC code other than J01). The validity of the proportional hazards assumption of the Cox models was evaluated for time-dependent covariates; the assumption was not rejected for any variables. Missing values were included as distinct categories for smoking and income (,5%) to maintain the sample size. Robust standard errors adjusted for dependency between multiple pregnancies of women during the study period (n = 146,399 mothers had multiple pregnancies). Analyses were performed using PROC PHREG in SAS version 9.1.
Results
We followed 551,518 singletons for up to 5 years of age (median = 4.75 years) and identified a total of 21,779 children with a diagnosis of febrile seizures in the full cohort. Women who were exposed to cystitis antibiotics during the study period were on average slightly younger than unexposed women, with a larger percentage of women aged 20-24 years, and had slightly lower income (Table 1) . A larger percentage of unexposed women and women exposed to cystitis antibiotics had on average lower parity Number of prescription redemptions (no previous births) compared to women exposed to antibiotics other than cystitis antibiotics. While the percentage of women exposed to antibiotics over the birth years is fairly consistent, the percentage exposed to pivmecillinam and nitrofurantoin gradually increased over time (data not shown). All other characteristics appear comparable between the exposed and unexposed groups. The majority of sulfonamides and trimethoprim and other antibacterials antibiotics were comprised of the specified cystitis antibiotics, 99% sulfamethizole (monotherapy) and 98% nitrofurantoin, respectively. We found slightly higher risks of febrile seizures among children born to mothers in all exposure groups except for antibiotics categorized as macrolides, lincosamides and streptogramins when compared to children born to unexposed mothers. The hazard ratios for the different exposure groups ranged from 1.06 to 1.16 (Table 2) . Hazard ratios were similar for boys and girls (Table S1 ). Controlling for the maternal conditions of chorioamnionitis, gestational diabetes mellitus, and any other prescribed medication did not change the overall hazard ratios (data not shown).
Additional analysis was done in a subgroup of children with no apparent markers of serious health problems at the time of birth, defined as children born at term (37-41 weeks), with a birth weight .2500 g, no major congenital malformations, and an Apgar score at 5 minutes $10. Rather similar results to the larger study population were seen for this subgroup (Table 3) . In a separate analysis these variables were included in the model and the results remained the same (data not shown). Analysis in first born children presented statistically significant associations in all exposure groups, except in children born to mothers exposed to erythromycin and other antibacterials, when compared to children born to unexposed mothers (data not shown).
We considered the number of redeemed prescriptions by the mothers as an indicator of actual exposure to infection and length of exposure time, assuming more than one redeemed prescription suggests either recurrent infections, resistance to the first used antibiotics, or an overall longer period of time exposed to the underlying infection. Stratum-specific estimates among those who had either one or more than one redeemed prescription for the antibiotics during pregnancy are presented in Table 4 . Compared to children born to unexposed mothers, children born to mothers with more than one redeemed prescription had statistically significant associations in all exposure groups except for mothers exposed to macrolides, lincosamides and streptogramins.
Discussion
In this population-based cohort we observed statistically significant but weak associations between maternal use of several different types of antibiotics and the onset of febrile seizures in children both before and after adjusting for potential confounding factors ( Table 2 ). Such weak associations may be due to uncontrolled confounding but may also reflect strong associations related to specific infections. To adjust for risk factors associated with poor health indicators at birth, we performed analyses in a subgroup of children with no evident signs of serious health problems, and the associations still held. Additionally, we looked at the association in first born children to eliminate bias related to the outcome in a previous pregnancy, and the associations still held. The hazard ratios we observed correspond to small increases in absolute rates among the unexposed and exposed groups, which may not be of much importance, unless it indicates that some infections may alter the susceptibility to febrile seizures or infections during the intrauterine time period. The mechanism could be related to mimicry mechanisms, by affecting the immune system, or by other mechanisms. We are unaware of any studies researching maternal antibiotics as a marker of maternal infection and the risk of febrile seizures in childhood. We encourage others to study specific infections.
Whether the associations we observed were caused by confounding, underlying infection, or treatment is difficult to say but these drugs are not believed to be neurotoxic and we were able to adjust for several potential confounders. Observing an increased risk for the different cystitis antibiotics, regardless of chemical component, supports and strengthens the argument that the prenatal infection may be the underlying cause of the association. If a direct effect of the antibiotics was responsible for the increased risk of febrile seizures we would expect to see more variation in hazard ratios between the different pharmacokinetic anddynamic antibiotics. Though associations were found for systemic antibiotics overall and for antibiotics not specifically used to treat cystitis, these associations are more difficult to interpret given the heterogeneous underlying diseases.
The validity of using antibiotics as a marker of infection should be considered. Infections are common disorders and some women among our unexposed group may have had the disease either untreated or treated with non-prescription medication or with medication that was bought outside the pregnancy time period. It is possible some women may have bought medication without having the disease at that time, for example, as a prophylactic treatment. For these reasons we considered the number of redeemed prescriptions as a possible indicator of actual use of antibiotics and exposure to infection during pregnancy. Women who redeemed medications more than once probably had the disease or recurrent infection and we observed an increase in estimates for penicillin, sulfonamides and trimethoprim overall, and sulfamethizole when more than one prescription was redeemed. These estimates do not necessarily represent a doseresponse where .1 redeemed prescription would suggest a more severe underlying disease, but may be more indicative of a doseduration and longer exposure time.
The trimester in which antibiotics were redeemed may not equal the initiation of infection. In our study, the actual onset of infection may differ considerably from the time at which antibiotics were redeemed, for example redemptions during the 2 nd or 3 rd trimester may be for infections that originated during the first trimester, but did not present until later. Thus, assessing ''the timing of infection'' based on ''the date of redemption'' will be an imprecise measure of timing of exposure.
While antibiotics may be a marker of infection, at the same time they are a treatment that attempts to shorten the time and severity of infections and therefore may prevent or mask an association between prenatal infections and febrile seizures. In this case our estimates could be severely biased towards the null, especially if any specific microorganisms play a role. Infections have been associated with abnormal fetal brain development and adverse outcomes such as cerebral palsy [6] , mental retardation [9, 10] , epilepsy [7] and schizophrenia [11] , yet the mechanisms underlying the associations are not known. A possible causal mechanism may be in part due to the maternal inflammatory response where dysregulation of the normal expression of cytokines in the fetal brain may affect neurodevelopmental processes. [24] In animal studies, cytokine releasing treatments during pregnancy have been associated with fetal brain injury. [25] [26] [27] Another hypothesized mechanism is that of epitope molecular mimicry of transplacentally-acquired maternal antibodies with the developing fetal nervous system that can cross the fetal blood-brain barriers. For example, polysialic acid, common to particular components of the nervous system, is found in large quantities in early fetal/infant development. Escherichia coli is the primary pathogen of maternal urinary tract infections and the polysialic Table 3 . Hazard ratios for risk of febrile for children born at term with a birth weight .2500 g, no congenital malformations, and Apgar score at 5 minutes .10, in study population. Table 4 . Hazard ratios for risk of febrile seizures in the children, by number of redeemed prescriptions during pregnancy, in study population. acid found in the infectious agent E. coli K1 is identical to the nervous system associated polysialic acid molecules. [28] However, these mechanisms are currently not well documented. Fever has been suggested as being a reproductive hazard in animal studies [29] but is an unlikely explanation for our results. Cystitis usually does not cause fever but fever may play a role for other infections. [30] . Our study has several strengths including the use of populationbased registries with almost no loss to follow up, well-documented redeemed prescription data, and reliable hospitalization information. A validation study by Vestergaard et al. concluded that registration of febrile seizures in the National Hospital Register is relatively complete and valid with a completeness found to be 72% (95% CI: 66.3-76.4) and a predictive value of a positive registration of 93% (95% CI: 88.8-95.7). [2] However the register does not contain information on type of febrile seizures (focal or generalized), duration of febrile seizure, or recurrence within 24 hours, so cases cannot be categorized as simple or complex. [31] Since registration of febrile seizures is done independently of data on redeemed prescriptions differential misclassification is not of concern. Although some seizures may herald other progressive neurological conditions and be misdiagnosed as febrile seizures, the high positive predictive value 93% (95% CI: 88.8-95.7) of the hospital register along with the estimated less than 7 percent of children with febrile seizures who develop epilepsy later in life [3] would suggest only a very small percent of misdiagnoses.
We controlled for maternal smoking during pregnancy but not for other lifestyle factors, such as alcohol, diet, or coffee consumption. However, based on a study by Vestergaard et al., [32] prenatal exposure to cigarette smoke only slightly increased risk for febrile seizures in children, but no associations were found for exposure to alcohol or coffee. Our results showed a similar increase in risk for febrile seizures if mothers smoked during pregnancy, compared to non-smokers, which was consistent across all studied medications. We observed a lower parental income level only marginally increased the risk of febrile seizures when compared to a middle parental income level. Our measure of parental income was limited to the parents' combined annual income and may not have adequately controlled for effects of social confounding. We addressed possible confounding associated with multiple children in the family through our subgroup analysis in first born children; however, there may be other variables which we did not consider. We controlled for certain maternal conditions in a separate model but this did not alter our effect estimates. While the etiology of febrile seizures may have a genetic component, we did not have complete data on parental history of febrile seizures and were unable to adjust for this variable. Additional adjustments for unknown or unmeasured social factors may explain some of the increases in estimates.
Conclusions
We found weak associations between the redemption of certain antibiotics during pregnancy and febrile seizures in early childhood. We found comparable associations for pharmacologically different antibiotics which suggest an association with the risk of infection itself rather than the exposure to antibiotics. Further research on the biomarkers of infection and the specific mechanisms of how maternal infection may affect the developing fetus is encouraged. Table S1 Hazard ratios (and 95% confidence intervals) for the risk of febrile seizures in children, by gender, whose mothers had a redeemed prescription for a systemic antibiotic during pregnancy compared to children whose mothers did not have a redeemed prescription for an antibiotic during pregnancy. (DOCX)
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